Simulated UO2 fuel containing CsI by spark plasma sintering  by Wangle, T. et al.
lable at ScienceDirect
Journal of Nuclear Materials 466 (2015) 150e153Contents lists avaiJournal of Nuclear Materials
journal homepage: www.elsevier .com/locate/ jnucmatShort communicationSimulated UO2 fuel containing CsI by spark plasma sintering
T. Wangle a, b, V. Tyrpekl a, M. Cologna a, *, J. Somers a
a European Commission, Joint Research Centre (JRC), Institute for Transuranium Elements (ITU), Postfach 2340, 76125 Karlsruhe, Germany
b Czech Technical University in Prague, Faculty of Nuclear Sciences and Physical Engineering, Brehova 7, Praha 1, 115 19, Czech Republich i g h l i g h t s* Corresponding author.
E-mail address: marco.cologna@ec.europa.eu (M. C
http://dx.doi.org/10.1016/j.jnucmat.2015.07.030
0022-3115/© 2015 The Authors. Published by Elsevierg r a p h i c a l a b s t r a c t A new method was developed to
incorporation of volatile ﬁssion
products simulants into dense nu-
clear fuel pellets.
 CsI doped UO2 pellets were synthe-
tized for the ﬁrst time, by Spark
Plasma Sintering.
 The sintering rate in Spark Plasma
Sintering is dependent on the O/U
ratio of UO2þx.a r t i c l e i n f o
Article history:
Received 29 April 2015
Received in revised form
16 July 2015
Accepted 20 July 2015
Available online 26 July 2015
Keywords:
UO2
CsI
Cesium
Iodine
Volatile ﬁssion products
Simfuel
Separate effect studies
Spark plasma sintering
SPS
Nuclear fuel safetya b s t r a c t
Herein, an innovative preparation procedure has been deployed enabling, for the ﬁrst time, the incor-
poration of volatile ﬁssion product simulant into highly dense nuclear fuel pellets. Highly volatile ﬁssion
products were embedded in a dense UO2 matrix in the form of CsI by simply mixing starting materials
and consolidation in a Spark Plasma Sintering step at 1000 C with a 5 min dwell time. CsI particles were
evenly distributed throughout the pellet and were located at the grain boundaries. The sintering rate is
dependent on the O/U ratio of the powder. Addition of CsI also acts as a sintering aid, reducing the
temperature of maximum densiﬁcation.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Simulated nuclear fuels containing non-radioactive forms of
ﬁssion products, usually named SIMFUELS, are often used in labo-
ratory experiments to aid and assist in the understanding of theologna).
B.V. This is an open access article uphysical and chemical properties of irradiated fuels [1e6]. Such
simulated fuels have been synthesized typically by traditional
routes involving mixing/milling, compacting and sintering steps.
However, the high temperatures used for conventional sintering of
dense uranium dioxide pellets (typical above 1600 C and total
sintering time above 10 h [7]) limit the range of elements and
compounds which can be added for the manufacture of dense
SIMFUEL. Possible compounds are generally limited to transition
metals, lanthanides and their oxides. In contrast gases and volatilesnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Relative density and densiﬁcation rate of CsI-UO2 (untreated UO2 powder).
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limited range from the surface of the material [4,5].
Spark Plasma Sintering (SPS) is an electric ﬁeld assisted sinter-
ing technique that allows rapid and low temperature densiﬁcation
[8e12]. It has been recently applied in the low temperature syn-
thesis of dense of UO2 [13e16] and UN based fuels [17,18]. The
densiﬁcation temperature can be lowered by several hundreds of
degrees compared to conventional sintering and the total pro-
cessing time reduced to just few minutes. Such low temperatures
and very short processing times open a new path for the incorpo-
ration of volatile ﬁssion products simulants into dense UO2 matrix
via the SPS technique.
The aim of this work is to investigate this possibility. Caesium
iodide was chosen as ﬁssion product simulant, due to its relevance
for the safety of nuclear fuels and its moderate thermal stability
(melting point 621 C, boiling point 1277 C). We describe here the
processing method, sintering behaviour and ﬁnal nature of simu-
lated CsI-doped UO2 fuels.2. Experimental
All sample preparation was performed in a glovebox under an
argon atmosphere. The CsI (Suprapure, Merck) was manually
ground in amortar and the resulting particle size ranged from a few
mm to several tens of mm. The caesium iodide was mixed with a
commercial UO2 powder (agglomerate size ca. 10 mm, median grain
size of ca. 0.2 mm [19]) in concentrations of 1 and 2.5 mol%. This
stock UO2 was slightly hyperstoichiometric, with an oxygen to
uranium ratio (O/U) of 2.10, as determined by XRD. This UO2
powder was used directly without further treatment, or after
annealing for 4 h at 800 C under Ar/6.5% H2, after which the O/U
was reduced to 2.03.
About 300 mg of the CsI-UO2 mixtures was loaded into a 6 mm
graphite die and pre-pressed in a mechanical press to 17.7 MPa. TheTable 1
Densities and O/M ratio of the ﬁnal pellets along with temperature of maximum sinterin
Powder Sintered pellets
Stoichiometry CsI [mol%] Stoichiometry Relat
UO2.10 0 UO2.01 97.8
UO2.10 1 UO2.01 95.3
UO2.10 2.5 UO2.03 99.4
UO2.03 0 UO2.01 93.3
UO2.03 1 UO2.01 90.9
UO2.03 2.5 UO2.02 95.7die was loaded into an SPS equipment (FCT Systeme GmbH,
Rauenstein, Germany) speciﬁcally adapted for operations into a
glovebox [15] and maintained at a holding pressure of 17.7 MPa
between the punches. The chamber was evacuated to <10 Pa and
reﬁlled with Ar. The pressure at the pistons was increased to
70 MPa in 70 s, and then the die was heated at 200 C/min to
1000 C, held there for 5 min. Then the pressure was decreased to
17.7 MPa in 10 s. The cooling rate was 200 C/min to 400 C, fol-
lowed by free cooling to room temperature.
XRD patterns were measured on a D8 Advance Brucker
diffractometer with a BraggeBrentano (q/2q) geometry and
equipped with a Ka1 monochromator and a Lynxeye detector.
Measurements were recorded in the 2q range of 10e120, with
steps of 0.013. Rietveld reﬁnement was used to characterize the
pattern. The O/U in UO2þx was determined from the lattice
parameter (a, in Å) according to Teske et al. [20]:
a ¼ 5:4705 0:132x: (1)
The density of the sintered samples was measured geometri-
cally and conﬁrmed using the Archimedes method in water on
selected samples in preliminary studies. The differences between
geometric and Archimedes determinations were approximately 1%
absolute. The relative density during sintering was calculated from
the displacement of the SPS piston, taking into account the ﬁnal
density and after correcting for thermal expansion as determined in
a blank run.
Scanning electron microscopy was performed with a Philips
XL40 or Tescan Vega equipped with an EDX detector. The grain size
of the sintered samples was determined from the line intercept
method on the fracture surface.3. Results and discussion
The relative density of the pellets using the untreated UO2
powder as a function of the sintering time is given in Fig. 1.
Densiﬁcation begins at remarkably low temperatures (approxi-
mately 600 C) with the sintering rate peaking at around 800 C.
Addition of as little as 1% of CsI lowers the peak of the densiﬁcation
rate by about 50 C, while 2.5 mol% CsI does not change the sin-
tering kinetics signiﬁcantly. A sintering temperature of 1000 C and
a holding time of 5 min are sufﬁcient for reaching a density above
95% (see Table 1). This low temperature sintering behaviour is a
very typical attribute of SPS; the densiﬁcation is faster and happens
at lower temperatures compared to conventional sintering.
A white deposit was observed occasionally on the external part
of the graphite punches after cooling, suggesting that part of the CsI
evaporated and condensed on the colder part of the die assembly
during the sintering process. The CsI content in the sintered disks
was estimated from the weight loss during sintering and then
conﬁrmed by XRD and EDS measurements. The CsI content, eval-
uated from the reﬁned XRD pattern for the nominally 1 and 2.5 mol
% CsI pellets, was 0.6 and 2.6 mol%, respectively. Microstructural
analysis on fracture surfaces (Fig. 4a) revealed the presence of veryg rate.
ive density [%] Grain size [mm] Tpeak sintering rate [C]
1.47 ± 0.16 805
1.34 ± 0.11 758
1.34 ± 0.10 787
0.72 ± 0.07 1000
0.65 ± 0.05 902
0.80 ± 0.03 976
Fig. 2. Relative density and densiﬁcation rate of CsI-UO2 (from reduced powder).
Fig. 3. Diffraction pattern of sintered 1 mol% CsI-UO2 pellets, starting from as received
and reduced UO2.
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points. The size of these CsI particles was typically 100e600 nm,
which is much smaller than that of the starting material. This
second phase was homogeneously distributed in the pellets, with
occasional zones of higher concentrations, where the precipitates
cover a large part of the grain's surface. One can conclude from the
homogeneous distribution and the particle size that the CsI indeed
melted, and the microstructure represents freezing of liquid CsI.Fig. 4. a, b. SEM of fracture surfaces of 1 mol% doped CsI-UO2 from as received UO2 (a) andThe more highly concentrated regions likely correspond to areas
were the largest CsI particles were present originally in the hand
pressed pellets. It is noteworthy to compare the small size of the CsI
precipitates (few hundreds of nm) with the original size of the CsI
particles (several tens of mm). Caesium iodide forms a liquid phase
during sintering (melting point 621 C), which inﬁltrates the UO2
microstructure while the porosity is still interconnected. The sin-
tering is only in its early stages at this temperature. As densiﬁcation
proceeds and the pores close, the CsI inclusions are trapped be-
tween the grains and freeze during cooling. The size of the UO2
grains of the CsI doped samples is about 1.3 mm (Fig. 4a), which is
very low compared with that typically achieved in conventional
sintering (several mm). The grain size of the undoped UO2 (Table 1)
is very similar to the doped samples.
The diffraction pattern of 1% CsI doped UO2 (Fig. 3) reveals only
two well distinguished phases: CsI, clearly detectable from its (110)
diffraction line, and slightly hyperstoichiometric UO2, indicating
that no reaction occurred between CsI and UO2. The ﬁnal O/U ratio
of the 0%, 1% and 2.5% CsI-doped UO2 was 2.01, 2.01 and 2.03,
respectively. Hyperstoichiometric UO2 is thus reduced from the
original O/U of 2.10 to a lower value during the SPS densiﬁcation
process. Even if sintering was conducted in argon, the exact
composition of the gas into the powder/graphite die assembly
cannot be determined with precision. Above 600 C, however, the
gas can be assumed to have a low oxygen partial pressure which
decreases continuously with temperature, due to the reaction of
oxygen with the pressing tools [8]. The reduction during sintering
may be attributed to the reaction of the excess oxygen in the UO2þx
with the graphite dies [14], but electrochemical reduction at the
electrodes cannot be excluded [21].
To obtain pellets with a lower ﬁnal O/U ratio, i.e. closer to 2.00 as
is found in fresh fuel, the same experiments were repeated starting
with the pre-reduced UO2 powder, under the same processing
conditions. The sintering curves of the pre-reduced UO2 powder are
given in Fig. 2. The ﬁrst striking difference is that the onset of
sintering is shifted by about 200 C towards higher temperatures.
The maximum densiﬁcation rate is 6.7$103 s1 and occurs at
1000 C, just before the beginning of the holding period, which
compares to 7.9$103 s1 at 805 C for the as received hyper-
stoichiometric powder. The fact that the sintering kinetics is heavily
inﬂuenced by the stoichiometry of uranium dioxide is well
described in the literature for conventional sintering [22e24], and
although it was never reported before in the case of spark plasma
sintering, it is not unexpected.
The ﬁnal density of the disks prepared from this treated pow-
der was lower than the counterparts made from the untreated
powder (Table 1). Furthermore, the effect of CsI on the sintering
kinetics is more pronounced too. The densiﬁcation rate peak is
shifted by 100 C for the 1% CsI and about 30 C for the 2.5% CsI.
The microstructure of a fracture surface of the 1% CsI compositionreduced UO2 (b). The CsI inclusions are the white particles at triple phase boundaries.
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compared to the previous case (0.65 mm, compared with 1.34 mm
for the as received powder), which can be attributed to the lower
mobility of U in the pre-reduced powder, which limits both
densiﬁcation and grain growth. Very ﬁne and well distributed CsI
precipitates are also clearly visible in samples prepared from the
untreated powder too.
The XRD pattern of the pellets made from the pre-treated
powder are similar to those of the untreated powder. The CsI
content for the nominally 1 and 2.5 mol% CsI pellets is 0.6 and
3.2 mol%, respectively, as determined from the reﬁned pattern.
Only two phases are present, corresponding to slightly hyper-
stoichiometric UO2 and CsI. The O/U of the 0%, 1% and 2.5% CsI-
doped UO2 pellets is 2.01, 2.01 and 2.02, respectively. Using a
pre-reduced powder with lower initial stoichiometry (2.03)
instead of the as received powder (O/U ¼ 2.10) did not yield sin-
tered samples with a measurably lower O/U following SPS
processing.
4. Conclusions
We report a novel route for the synthesis of simulant irradiated
nuclear fuels containing non-radioactive counterpart of volatile
ﬁssion products. This has been made possible by simple mixing of
the powders, which are then compacted using the Spark Plasma
Sintering technique. Uranium dioxide pellets with a dense micro-
structure and a ﬁnely dispersed CsI phase were synthesized for the
ﬁrst time using this method.
This is a ﬁrst important step opening the path to new separate
effect studies related to the safety of nuclear fuel. The full potential
of these developments still need to be fully addressed by
comparing the properties of the simulated spent nuclear fuels with
real fuel after irradiation. In principle the same technique could be
used for the incorporation of other volatile ﬁssion products and
compounds, and complement the traditional simulated fuel
approach, which was strictly limited to non-volatile ﬁssion prod-
uct incorporation.
It was also seen that the initial stoichiometry of the starting
powder is one of the important factors governing the kinetics of
UO2þx densiﬁcation in spark plasma sintering. This aspect is the
study of a deeper investigation, to determine the evolution of the O/
U ratio during the sintering process. Finally, the addition of CsI tothe UO2 powder decreases the maximum sintering temperature
and has a similar effect as a sintering aid.Acknowledgements
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